Vulnerability to develop addiction is influenced by numerous factors, including social behavior. Specifically, in human users, drug taking in a socio-sexual context appears to enhance further drug-seeking behavior. Users report heightened sexual pleasure as a motivation for further drug use and display risk behaviors even when tested in drug-free state. Here, using a preclinical model of limited voluntary drug use in rats, the hypothesis was tested that methamphetamine (Meth)-taking concurrently with socio-sexual experience increases vulnerability to addiction. Male Sprague Dawley rats were socially housed and underwent limited-access Meth self-administration (maximum 1 mg/kg/session). Meth-taking was either concurrent or non-concurrent with sexual behavior: concurrent animals were mated with a receptive female immediately after each session, while non-concurrent animals gained equivalent sexual experience the week prior. Next, drug-seeking behaviors were measured during cue reactivity, extinction, and reinstatement sessions using different extinction and reinstatement protocols in 4 separate studies. Both groups equally acquired Meth self-administration and did not differ in total Meth intake. However, drug-seeking behavior was significantly higher in concurrent animals during cue reactivity tasks, extinction sessions, and cue-or Meth-induced reinstatement tests. In addition, sexual behavior in the absence of Meth triggered reinstatement of drug-seeking in concurrent animals. These results indicate that Meth-taking in a socio-sexual context significantly enhances vulnerability for drug addiction in male rats. This preclinical paradigm of drug self-administration concurrent with socio-sexual behavior provides a useful model for studying the underlying neurobiology of socially driven vulnerability to drug addiction. 
INTRODUCTION
Drug addiction, or substance use disorder, is a major health concern affecting people worldwide, and is characterized by maladaptive drug-seeking and taking despite known negative consequences and life-long risk for relapse to drug taking [1] . Vulnerability to develop addiction is influenced by social and other natural reward-related factors [2] [3] [4] and there is increased awareness that drug addiction may share common neural mechanisms with the maladaptive pursuit of non-drug rewards [5] [6] [7] [8] [9] , i.e., "shared brain vulnerabilities" [5] . Furthermore, drug addiction is often co-morbid with the maladaptive pursuit of sexual reward, i.e., hypersexuality [6, 8, 10] . This association between drug abuse and sexual risk behavior is independent of gender or sexual orientation [11, 12] and has been reported for many drugs of abuse [3, [12] [13] [14] [15] [16] , including methamphetamine (Meth). Drug users report heightened sexual desire, arousal, and pleasure [17] and identify these as a primary motivation for drug use [18] . Together, these facts form the basis for the hypothesis that the association between drug use and sexual behavior leads to increased vulnerability to develop both drug addiction and hypersexuality. However, reports in humans are largely anecdotal and this hypothesis remains to be tested directly and systematically using preclinical models. We previously demonstrated in male rats that Meth administration, when followed immediately by mating behavior (here termed concurrent Meth and sex) resulted in maladaptive sex-seeking behavior or hypersexuality [19] [20] [21] . The current study directly tests the hypothesis that Meth taken concurrently with sexual behavior will increase the vulnerability to develop drug addiction in male rats.
Using a conditioned place preference (CPP) paradigm, we previously demonstrated that concurrent Meth and sex increased meth-associated reward-seeking behavior, while diminishing reward for mating when it is experienced without Meth [20] . Even though drug-induced CPP is a very useful and reliable measure for drug-seeking behavior [22] , instrumental tasks for drug-seeking behavior are advantageous, and may better reflect key elements of human drug-taking and drug-seeking behaviors, and thus, are considered to be more relevant to the human condition [23] . Therefore, to test the hypothesis that Meth-taking in the context of socio-sexual behavior increases subsequent drug-seeking behaviors, operant self-administration procedures were used. In order to best model the initial recreational drug use in humans typically associated with use of lower doses at longer inter-administration intervals [24] , animals were provided restricted access to Meth and were allowed a total intake of only 1 mg/kg/session of Meth and a low number of daily sessions. In rats, this Meth dose does not affect sexual performance or motivation but leads to hypersexuality when passively administered concurrently with sexual behavior [19] [20] [21] . Hence, the goal of the current set of studies was to determine the specific contribution of drug taking experienced concurrently with sociosexual behavior to subsequent drug-seeking in groups with equal and restricted drug-taking experience, utilizing various procedures for extinction and relapse (i.e., reinstatement) of drug-seeking [23, 25] . It was previously shown that animals with prior exposure to concurrent Meth and sex do not form a CPP for mating alone, indicating reduced sexual reward when experienced without concurrent Meth [20] . Using a modified reinstatement procedure, we tested whether such reduced sexual reward induces reinstatement to drug-seeking. Together, these studies demonstrate that concurrent Meth-taking and sexual behavior enhances drugseeking behavior during extinction and reinstatement tests, indicative of enhanced vulnerability for addiction.
METHODS AND MATERIALS

Animals
Male Sprague Dawley rats (226-250 g; Charles River Laboratories, Wilmington, MA, USA) were housed in a climate-controlled facility under a 12-12 h reversed light-dark cycle. Male rats were socially housed throughout the studies in same-sex pairs. Food and water were available at all times in home cages, but not in the operant or mating chambers during behavioral testing sessions. Behavioral testing took place during the first half of the dark cycle. Female rats (Sprague Dawley, Charles River, 201-225 g) for sexual behavior testing were bilaterally ovariectomized under deep anesthesia (isoflurane gas; Piramal, Bethlehem, PA, USA) and received a subcutaneous silastic implant (Dow Corning Corp., Midland, MI, USA) containing 5% estradiol benzoate (Sigma-Aldrich, St. Louis, MO, USA) and 95% cholesterol (Sigma-Aldrich). Sexual receptivity was induced by a subcutaneous (s.c.) injection of 500 μg progesterone (Sigma-Aldrich) in 0.1 ml sesame oil (Sigma-Aldrich) 4 h prior to testing. All experimental procedures were conducted in the dark phase under dim red lights and were approved by the Institutional Animal Care and Use Committee at the University of Mississippi Medical Center and conform to the guidelines outlined by the United States National Institutes of Health [26] .
Surgery
Males received chronic indwelling catheters into the right jugular vein under deep anesthesia (2-3 % isoflurane gas) based on methods described in [27] . One end of a silastic catheter (Instech Laboratories, Plymouth Meeting, PA, USA) was inserted 3 cm into the right external jugular vein and secured with silk sutures (Look; Reading, PA, USA). The other end was tunneled subcutaneously to a midscapular incision, where it attached to a vascular access button (Instech) providing access for intravenous drug delivery. Aluminum caps (Instech) were used to protect the vascular access buttons, allowing animals to remain socially housed throughout the surgery recovery period and subsequent stages of the experiments. Animals were given carprofen (5 mg/kg; s.c.) prior to surgery and once daily for the first 48 h after surgery. Catheters were flushed daily with 0.1 mL gentamicin (5 mg/mL) and 0.1 mL heparinized saline (70 U/mL) for one week after surgery. Thereafter, catheters were flushed before and after each selfadministration session with 0.1 mL heparinized saline to confirm and maintain catheter patency.
Drug delivery
Methamphetamine hydrochloride (Meth; Sigma-Aldrich) was dissolved in sterile saline either delivered intravenously (via jugular vein catheters; 0.04 mg/kg per infusion in 0.166 mL; maximum of 25 infusions and 1 mg/kg total intake per session) or systemically (1 mg/ml/kg, i.p. for Meth-primed reinstatement). The dose per infusion had previously been demonstrated in dose-response testing to be maximally reinforcing [28] . The total Meth intake of 1 mg/kg dose was selected based on our previous studies showing that higher dosages, but not 1 mg/kg, inhibited sexual behavior [19] , and that passive administration of 1 mg/kg Meth concurrent with sex caused hypersexuality in male rats [19] [20] [21] . This dose is also well below neurotoxic dosage ranges [29] .
Behavioral testing Sexual behavior. Mating behavior was tested during the middle of the dark phase in the operant chamber or in a separate mating arena (60 × 45 × 50 cm). Males received a receptive female and mated until display of the first intromission following ejaculation. Parameters for sexual motivation and performance were recorded as follows: mount latency (ML; time from the introduction of the female until the first mount), intromission latency (IL; time from the introduction of the female until the first mount with vaginal penetration), ejaculation latency (EL; time from the first intromission until ejaculation), post ejaculation interval (PEI; time from ejaculation to first subsequent intromission), number of mounts (M), number of intromissions (IM), and copulation efficiency (number of intromissions divided by total mounts plus intromissions).
Meth self-administration. Self-administration and subsequent operant testing sessions were conducted in 30.5 × 24 × 21 cm operant chambers (Med Associates, St. Albans, VT) with two retractable levers and cue lights above both levers. Animals were not food deprived at any time and did not receive operant behavioral training prior to the onset of the studies. All selfadministration sessions started 3 h after onset of dark phase, and lasted for 3 h or until animals earned maximum drug infusions. Males self-administered Meth during 5 daily sessions on a fixedratio 1 (FR1) schedule of reinforcement. Each response on the active (left) lever resulted in delivery of 0.04 mg/kg Meth and illumination of a white light above the lever for 6 sec. Animals could earn a maximum of 25 infusions, for a total of 1 mg/kg Meth per session. Responses on the inactive (right) lever had no programmed consequences and were recorded as a measure of general locomotor activity. Both levers remained extended and lever responses were recorded during drug infusions. Responses on active and inactive levers, and numbers of infusions were recorded (Med Associates, MED-PC IV software).
Cue reactivity. A 30 min test during which responses on the active lever resulted in presentation of drug-associated cues (i.e., 6-second cue light and infusion pump sound), but no drug. Inactive lever responses had no programmed consequences. Levers remained extended during the entire session.
Extinction. Animals were subjected to 10-14 daily one-hour extinction sessions in which lever responses had no programmed consequences (Operant Extinction) or resulted in the presentation of drug-associated cues (6-second activation of cue light and pump sound; Cue Extinction). Levers remained extended during the entire session.
Sex-induced cue reinstatement (Sex Reinstatement). Males were allowed to mate to 1 ejaculation in a neutral cage (mating arena 60 × 45 × 50 cm Plexiglas cage with clean bedding) not associated with drug use and in a separate room from operant selfadministration boxes, immediately after which they were placed in the operant chamber for 1 h, where active lever responding resulted in presentation of drug-associated cues (activation of cue light and pump sound for 6 sec). Levers remained extended during the entire session.
Cue Reinstatement. Males were placed in the operant chamber for 1 h, where active lever responding resulted in presentation of drug-associated cues (activation of cue light and pump sound for 6 sec). Levers remained extended during the entire session.
Meth-primed reinstatement (Meth Reinstatement). Males were injected with a bolus dose of Meth (1 mg/ml/kg, i.p.) 15 min prior to being placed in the operant chamber for 1 h, where active lever responding resulted in presentation for drug-associated cues (activation of cue light and pump sound for 6 sec). Levers remained extended during the entire session. Habituation injections of saline (1 mL/kg, i.p.) were given 15 min prior to the extinction session preceding Meth Reinstatement.
Criteria for exclusion. All criteria for inclusion or exclusion of subjects and numbers of excluded subjects in all behavioral experiments are described in detail in the Supplementary Information.
Experimental designs
Self-administration, cue reactivity, extinction, and reinstatement. Concurrent and non-concurrent Meth/sex groups: prior to study onset in Experiments 1 and 2, all males mated during one prestudy mating session (in mating arena) and groups were matched for sexual behavior (Supporting Document Tables S1, S2 ). Subsequently, males either received sexual experience immediately after each Meth self-administration sessions (concurrent) or during the 5 days prior to the start of self-administration sessions (non-concurrent). All mating experiences took place in the mating arena, except for Experiment 1 concurrent group, which mated in the operant chamber).
In Experiment 1, animals (concurrent group n = 8, nonconcurrent group n = 7) underwent Meth self-administration for 5 consecutive days, 7 days of forced home-cage abstinence, cue reactivity, 10 daily operant extinction sessions, and Sex Reinstatement (see Fig. 1a for timeline).
In Experiment 2, animals (concurrent group n = 10, nonconcurrent group n = 11) underwent Meth self-administration for 5 days or to criteria (see below under Criteria for behavioral experiments), 14 daily cue extinction sessions (wherein cue reactivity was measured during the first 30 min of the first session), Sex Reinstatement, 3 additional cue extinction sessions, and Meth-primed reinstatement (see Fig. 2a for timeline).
In Experiment 3, parameters for Meth self-administration were identical to Experiments 1 and 2, except that the groups tested were non-concurrent (n = 5) and Meth only (n = 6). Meth-only animals remained sexually naive throughout the experiment and were returned to home cage after self-administration sessions. After Meth self-administration, animals underwent operant extinction for 10 days. Finally, the reinstatement phase consisted of two test sessions to test for vulnerability to relapse (Cue Reinstatement, Sex or Cue Reinstatement: non-concurrent males were mated prior to this second reinstatement test, while Methonly males instead were taken from their home cages and did not mate prior to the test) separated by additional operant extinction sessions (see Fig. 3a for timeline).
Statistical analyses. Statistical analyses were performed using SigmaPlot software (Systat Software, Inc., San Jose, CA), and all statistical information for reported effects and numbers of animals for each experiment are listed in Table 1 .
During Meth self-administration and extinction in the selfadministration experiments, active lever responses, inactive lever responses, infusions earned, and mating parameters during repeated mating sessions were recorded and compared between and within groups using two-way repeated measures ANOVA with Holm-Sidak post-hoc pairwise comparisons. Active and inactive lever responses during reinstatement were recorded and compared using two-way ANOVA with the Holm-Sidak method for post-hoc pairwise comparisons.
Parameters for sexual behavior were compared using Student's t-tests or one-way ANOVA.
Self-administration experiments were conducted in several (2-3) cohorts. Each cohort included all experimental groups within the experiment, and all experimental effects (of concurrent Meth/sex) were replicated within each cohort. No statistical differences were detected between cohorts within groups, and data from the separate cohorts within groups were therefore combined for the final numbers of animals.
RESULTS
Experiment 1
Male rats underwent restricted-access Meth self-administration with concurrent sexual behavior in the operant chamber immediately following each self-administration session ( Fig. 1a;  Concurrent) , or during daily sessions prior to Meth selfadministration in a separate mating arena ( Fig. 1a ; Nonconcurrent). Mating behavior was unaffected by Meth and sexual experience did not differ between groups (Table S1 , Supporting Document). Operant behavior during the daily self-administration sessions did not differ between concurrent and non-concurrent groups as active and inactive lever responses were identical between groups (Fig. 1b) . Animals in both groups earned maximum infusions during the final three sessions (Fig. 1c) , and no group differences were detected in the time it took to obtain maximum infusions (Time to completion; Table S3 , Supporting Document), although only the concurrent group significantly decreased the time to completion across sessions (Table S3 , Supporting Document). Total Meth intake over all sessions did not differ between groups (Table S4 , Supporting Document). Thus, any effect of concurrent Meth and sex exposure is not attributed to differences in drug taking. After self-administration, animals underwent 7 days of forced abstinence. Next, males were tested for operant cue reactivity during which concurrent and nonconcurrent groups did not differ in active responses for the drugassociated light, i.e., cue-seeking behavior (Fig. 1d ). This test was followed by operant extinction sessions, during which both groups significantly reduced active responses across the 10 operant extinction sessions. However, the prior exposure to concurrent Meth and sex significantly enhanced drug-seeking during extinction (Fig. 1e) : concurrent males responded significantly more on the active, but not inactive, lever in sessions 1, 3, 4, 5, and 7, indicating an attenuation of extinction learning (Fig. 1e) . Next, males mated in a neutral environment not associated with prior drug use, and were immediately tested for reinstatement of active responding for the drug-associated cues (Sex Reinstatement). Indeed, concurrent Meth/sex males significantly increased active responding (Fig. 1f) compared to the last day of extinction, while non-concurrent animals did not, and concurrent males responded significantly more on the active lever than nonconcurrent males during reinstatement. Responding on the inactive lever did not differ between groups in Sex Reinstatement (Table S5 , Supporting Document). Experiment 2 A second experiment was conducted to further test whether it was essential that drug taking and sexual behavior were experienced in the same physical environment. In addition, the abstinence period after the concurrent Meth and sex experience was omitted to investigate if inclusion of such abstinence potentially masked enhancement of Meth-associated cue seeking. Moreover, the second experiment tested if cue extinction training would be able to prevent effects of concurrent Meth and sex experience on drugassociated cue seeking. Finally, this experiment included a reinstatement test in which drug-seeking was triggered by passive administration of Meth. Thus, the second experiment had four key differences in the experimental design: (1) all mating behavior was conducted in a neutral environment not associated with drug use, (2) the abstinence period prior to extinction training was omitted, (3) extinction training included exposure to drug-associated cues upon active responses (Cue Extinction), and (4) Meth-primed The concurrent group showed significant reinstatement of active lever responding compared to the last day of extinction (indicated by *) and compared to the non-concurrent group (indicated by #). All data are expressed as Mean + SEM. Sample sizes: concurrent n = 8; nonconcurrent n = 7
Drug-taking in a socio-sexual context enhances vulnerability for. . . LB Kuiper et al. reinstatement was tested. Animals again received either concurrent or non-concurrent access to Meth self-administration and sex, but all mating occurred in a separate mating cage, hence not in the drug-taking environment (Fig. 2a) . Mating behavior did not differ between groups (Table S2 , Supporting Document). Moreover, groups did not differ in numbers of active nor inactive responses (Fig. 2b) , Meth infusions (Fig. 2c) , time to completion (Table S3 , Supporting Document), nor total Meth intake (Table S4 , Supporting Document). The first 30 min of the first day of extinction was analyzed as the cue reactivity test, comparable to the first experiment. Concurrent animals responded significantly more on the active lever compared to non-concurrent males during cue reactivity (Fig. 2d) . Hence, the inclusion of an abstinence period in the first experiment possibly masked the effect of concurrent Meth/sex exposure by increasing drug-seeking behavior during the abstinence period in both groups consistent with the effects of "incubation of craving" [30] . During the remaining extinction training, concurrent males responded significantly more on the active lever (Fig. 2e ) in sessions 1, 2, and 12 compared to nonconcurrent males. There were also group differences in inactive responding in these sessions (Fig. 2e) . Next, sex-induced reinstatement of cue seeking was conducted as in experiment 1, but failed to trigger reinstatement in either group (Fig. 2f) , suggesting that cue extinction was able to overcome the effects of concurrent Meth and sex on Cue Reinstatement triggered by mating. Next, animals were tested for Meth-primed reinstatement of cue seeking (Meth Reinstatement). Concurrent Meth/sex experience significantly enhanced Meth-induced reinstatement compared to nonconcurrent and compared to last day of extinction (Fig. 2g) . Specifically, concurrent, but not non-concurrent, animals significantly reinstated responding on the active lever (no group differences in inactive lever responding, Table S5 , Supporting Document). In summary, these results further confirm the findings of Experiment 1 that concurrent Meth and sex exposure increases resistance to extinction and vulnerability to relapse to drugseeking. The results also show that mating-induced (Fig. 2f) , but not Meth-induced reinstatement (Fig. 2g) , was abolished by cue extinction training and that it is not essential for mating and Meth to be experienced in the same physical context. Since Experiments 1 and 2 differ in several key aspects of the experimental design, direct comparisons between the two studies are not valid. Therefore, direct comparisons between the physical contexts in which drug and sexual experience took place and between operant and cue extinction paradigms were further tested in Supplementary Experiment 1 (See Supporting Document).
Experiment 3
Results of experiments 1 and 2 showed that concurrent males have higher active lever presses during extinction and reinstatement sessions compared to non-concurrent males, suggesting that concurrent Meth and sex increases vulnerability for addiction. Experiment 3 tested an alternate explanation that prior sexual experience in the non-concurrent animals had protective effects, rendering these animals less vulnerable. Experiment 3 compared drug-seeking behavior in animals with non-concurrent sexual experience to that of animals with no sexual experience at all (Meth only; see Fig. 3a for timeline). There were no differences between groups during the Meth self-administration sessions in active and inactive lever responses (Fig. 3b) , Meth infusions (Fig. 3c) , total Meth intake (Table S4 , Supporting Document), or time to completion (Table S3 , Supporting Document), although non-concurrent, but not Meth only, males showed significantly reduced time to obtain the maximum infusions across sessions (Table S3 , Supporting Document). The non-concurrent group responded significantly more during the first two extinction sessions (Fig. 3d) , suggesting that prior sexual experience slightly enhanced rather than protected drug-seeking behavior. This finding is consistent with our previous reports showing effects of sexual experience and subsequent abstinence of sexual reward on CPP for psychostimulants [31] . During Cue Reinstatement test, groups showed significant reinstatement of active lever responding (Fig. 3e ) compared to the previous extinction day, and groups were not different in numbers of active lever responses. In contrast, neither of the groups increased responding on the active nor inactive lever during the second Reinstatement test, during which non-concurrent males were tested for sex reinstatement and Meth-only males for cue reinstatement (Fig. 3f , Table S5 , Supporting Document).
DISCUSSION
Together, these studies demonstrate that concurrent experience with Meth and sex significantly and reliably increased resistance to extinction and enhanced reinstatement of drug-seeking. Concurrent experience with Meth and sex also increases CPP for Meth alone [20] , suggesting enhanced incentive salience of Meth and/or strengthened associations between Meth and drug-associated cues caused by Meth-taking in a socio-sexual context. These findings thus support the hypothesis that Meth exposure in the context of socio-sexual behavior promotes a shift from limited recreational voluntary use to drug addiction. Elucidating the specific factors contributing to individual vulnerability to developing drug addiction is a critical step towards developing prevention and treatment strategies. The development of addiction is influenced by a variety of intrinsic factors, such as genetics and epigenetics, and extrinsic factors, including life experiences [32] . Animal research has provided evidence for a protective role of social and environmental enrichment [2, 33] , while social isolation [2] or loss of sexual reward [4, 9] increase vulnerability for addiction. Recently it has been emphasized that preclinical addiction studies have failed to predict outcomes in human subjects, and that a major shortcoming of these studies is a lack of consideration of social influences in the experimental design [2] , and studies henceforth will need to address this pitfall. Even with this increased awareness, the social influences on drug addiction vulnerability thus far have largely focused on effects of social isolation or providing social interactions to such isolated animals [34] [35] [36] [37] . In addition, effects of social contact during drug taking behavior have been demonstrated. Specifically, cocaine selfadministration is enhanced in socially housed male or female rats if both members of the same-sex pair have simultaneous access to the drug in the same chamber using modified operant conditioning chambers, and in comparison to either socially isolated animals or socially housed animals that were paired with a drug abstinent partner [38] [39] [40] . The current study thus further extends these previous findings and provides a unique perspective in that it models the initial voluntary recreational drug taking in a sociosexual context with a sexual partner that was not part of the housing conditions. Findings indicate that a synergistic association of drug taking with socio-sexual activity significantly enhances vulnerability for addiction evidenced by increased drug-seeking behavior. These effects are not attributed to social isolation, as males were socially housed throughout the studies. In the current studies, all male rats were socially housed with a Meth-taking partner, but did not experience Meth-taking simultaneously with these housing partners and there were no differences in drug taking between groups. Hence, enhanced drug seeking in concurrent Meth and sex males was not caused by differences in drug exposure, as Meth intake was restricted to 1 mg/kg/day and did not differ between groups. Future studies could explore effects of concurrent Meth and sex experience on subsequent drug taking using models of escalation of intake [41] . Additionally, progressive ratio protocols can be used to test effects on motivation for drug taking [42] .
In contrast to the concurrent Meth and sex males, males that experienced Meth without the concurrent sexual experience Drug- showed little to no reinstatement. This lack of reinstatement or reduced responding in non-concurrent males is consistent with our supposition that limited Meth exposure alone is less effective to increase propensity to relapse. Previous publications documenting Cue Reinstatement typically use longer durations of Meth exposure and higher dosages per session (intake of 2-5 mg/kg/ session during 10-15 sessions) [30, 43, 44] . Of note, concurrent Meth and sex males showed robust mating-induced reinstatement, consistent with the previous findings that sex behavior does not induce CPP in these males [20] , and suggesting a loss of reward for mating when experienced in absence of drug. Hence, the loss of reward normally associated with sex may further promote reinstatement of drug-seeking behavior, consistent with anecdotal reports in human users [18, 45] . Interestingly, cue extinction, which breaks the contingency between the drug (unconditioned) and conditioned stimuli, was sufficient to overcome the effects of concurrent Meth and sex experience on mating-induced reinstatement. Moreover, findings from Experiment 3 suggest that lack of cue-, sex-, or Meth reinstatement in non-concurrent males was not due to prior sexual experience having protective effects. Instead, a slight sensitization effect was noted with enhanced lever responding during the first extinction sessions. Nonetheless, protective effects in non-concurrent males may have been present from the mating behavior immediately prior to the Sex Reinstatement (Experiment 1), as this group did not show reinstatement induced by mating behavior. In both sexually naïve and experienced males, sexual behavior induces CPP [46] , indicative of sex-associated reward. Thus, the rewarding aspects of sexual behavior may have reduced drug-seeking behavior in the reinstatement tests in non-concurrent males. An alternative interpretation of the lack of sex reinstatement in nonconcurrent males is due to a rapid extinguishing of drug-paired cue-associations, for example in Experiment 1 during the cue reactivity test prior to operant extinction. Indeed, in Experiment 3, the Meth-only group failed to show cue reinstatement during the second cue-reinstatement test, possibly due to extinction during the first cue-reinstatement test. Together these findings suggest that a single session with non-contingent cues is sufficient to extinguish subsequent drug-seeking in non-concurrent and Methonly males. In contrast, concurrent males are more resistant to rapid extinguishing of drug-paired cue-associations, further supporting the hypothesis and findings of increased vulnerability for addiction. Finally, it is of note that the effects of concurrent Meth and sex in the current studies were independent of the physical environment in which sexual behavior was experienced and thus independent of a physical contextual association between sex and drug environments. We therefore hypothesize that this is a synergistic, rather than an additive, effect that is based on a memory of the Meth/sex association. Such association may instead be dependent on the intrinsic context of mating at times that levels of Meth and amphetamines are elevated in the brain [47] , resulting in enhanced incentive salience of Meth.
A limitation of the current study is the exclusion of female subjects, though comorbidity of compulsive sexual behavior and drug addiction occurs in both men and women and is independent of sexual orientation [11, 12] . However, female rats only display sexual receptivity once in every four days during behavioral estrus [48] , and thus do not simulate human sexual behavior in which estrous cycle phase is not obligatory to sexual motivation and behavior. From the current studies, it is unclear if copulation is necessary for the enhancement of addiction by concurrent Meth/sex, or whether social interaction would also be sufficient. This warrants future studies to determine if drug use concurrent with social interaction, in males and females, will produce the vulnerable phenotype observed in the present studies. Finally, future studies may investigate if the effects reported here are specific to socio-sexual behaviors versus other natural rewards. Even though comparisons with food-related rewards may be problematic due to the anorexic effects of Meth [49] , it may be interesting to explore if exposure to other natural rewards (i.e., sucrose, wheel running) immediately following Meth administration also induces enhancing effects on drug-seeking behaviors. Investigation of a choice between drug and natural reward seeking has demonstrated that concurrent sucrose exposure during Meth self-administration or reinstatement tests decreases Meth intake and drug-seeking [50] . Thus, providing the choice for an alternative reinforcer may decrease drug seeking and taking. In the current experiments, sexual behavior was not presented as a choice or alternative for Meth seeking behavior, but instead was presented after drug taking had been completed, and thus occurred within the same intrinsic context. We have previously demonstrated using CPP procedures that such concurrent Meth and sex experience causes an enhanced CPP compared to Meth or sex alone [20] .
The underlying neural mechanisms by which concurrent drug and sex experience influences subsequent drug-seeking behaviors are unclear. Our laboratory has previously shown that concurrent Meth and sexual behavior co-activate neurons in the mesocorticolimbic system, specifically in the anterior cingulate area (ACA) of the medial prefrontal cortex (mPFC), basolateral amygdala, and nucleus accumbens core and shell [51] . Moreover, concurrent Meth and sexual behavior increases baseline neuronal activity in CaMKII-expressing projection neurons in the ACA, indicating neuroplasticity induced by concurrent Meth and sex [21] . Future studies will investigate the role that co-activation of these neurons during concurrent Meth and sex plays in enhanced drug-seeking behavior in extinction or reinstatement. It has been demonstrated in both drug-and food-seeking studies that neurons encoding extinction memories versus those encoding reward memories reside in the mPFC (ventral mPFC and dorsal mPFC, respectively) [52, 53] , and that expression of these memories is abolished when these neurons are selectively lesioned [54, 55] . It is likely, therefore, that distinct neuronal ensembles are implicated in the failure to suppress behavior during the initial phases of extinction learning versus during the expression of drug-associated memory in reinstatement in the concurrent Meth/sex animals.
In conclusion, these studies demonstrate using male rats that Meth-taking in a socio-sexual context enhances drug-seeking behavior during extinction and reinstatement, suggesting that the memory for an association between drug and socio-sexual behavior may influence the shift to habit formation. These studies thus introduce a preclinical model to study the neural substrates of enhanced vulnerability to drug addiction in this context, potentially leading to a better understanding of the pathology underlying both substance abuse and hypersexuality.
